The red tide dinoflagellate Heterocapsa circularisquama Horiguchi has intracellular bacteria. The isolation and cultivation of these bacteria were attempted for three-clonal strains of H. circularisquama (HY9423, HA92-1, and HU9433) using various culture media containing cell components of the host alga prepared by homogenization and heat killing, in addition to different organic materials (peptone and extracts). Only one intracellular bacterium of the bacterial population UBb in H. circularisquama strain HU9433 was successfully cultivated on many kinds of culture media. The intracellular bacterial populations of Yb and Ab in the algal clones HY9423 and HA92-1, respectively, could not grow in the culture media used. The presence of live algal cells is thought to be essential for the growth and survival of the bacterial populations Yb and Ab. These results indicate that the degree of dependence of the intracellular bacteria on the host algal cells differs greatly among the algae-bacteria sets of strains.
The harmful dinoflagellate Hterocapsa circularisquama Horiguchi has caused large-scale red tides in the coastal embayments of central and western Japan 22) . Red tides of H. circularisquama have been responsible for mass mortalities of both natural and cultured bivalves such as pearl oyster, and short-necked clam and oyster 22) , but not fish 28) . The red tides generally remain for some time and can recurr during the summer and autumn. Persistent occurrences of red tides of H. circularisquama may be attributed to the ability to form temporary cysts 10) . Temporary cysts are reported to be resistant to algicidal bacteria 13, 23) . To understand the mechanisms by which H. circularisquama occupies such a strong ecological niche in nature, one has to elucidate the physiological characteristics of the alga.
Interestingly, H. circularisquama cells have intracellular bacteria 11, 13, 20) . In this study, an attempt was made to isolate these intracellular bacteria using various culture media containing combinations of peptones and extracts. In addition, the bacterial growth was evaluated using culture media containing cell components of H. circularisquama prepared by homogenization or heat killing.
Materials and Methods

Organisms and culture conditions
The strains HA92-1, HY9423, and HU9433 of H. circularisquama were used. These algae were isolated from different localities: Ago Bay (HA92-1), the Yatsushiro Sea (HY9423), and the Uranouchi Inlet (HU9433). Despite an elaborate series of washes by micropipette to establish axenic cultures, bacteria were observed inside the algal cells in exponential phase cultures under epifluorescence microscopy using the 4' 6-diamidino-2-phenylindole (DAPI) staining technique 25, 26) . In the cultures at stationary phase, bacterial cells were also frequently found outside the algal cells.
The bacterial populations in the cultures of algal strains were designated Ab (from HA92-1), Yb (from HY9423), and UBb (from HU9433). In strain HU9433, about 10% of algal cells did not contain bacteria. Many sub-clone cultures were reestablished by washing extensively with a micropipette, and finally a bacteria-free strain was obtained from HU9433. A strain of Chattonella antiqua (NIES-1), Raphidophyceae, was also used for culture of the intracellular bacteria of H. circularisquama.
All algal cultures were maintained in modified SWM-3 culture medium 4, 14) at a temperature of 22°C and light intensity of about 180 mmol photon/m 2 /sec under a 14 hL:10 hD photo-cycle.
Trials to isolate intracellular bacteria
Isolation of the bacterial populations Yb, Ab, and UBb was attempted using various culture media prepared by combining peptones, extracts and agar ( Table 1) . As the peptone used for each medium, casitone (DIFCO), casamino acids (DIFCO), trypticase peptone (BBL), proteose peptone (DIFCO), and tryptone (DIFCO) were employed. As extracts, either beef extract (DIFCO), brain heart infusion (DIFCO), or yeast extract (DIFCO) was added to the culture medium. A total of 15 combinations of 0.5 g/L peptone and 0.05 g/L extract in seawater were used. Agar (DIFCO) was added to these culture media at concentrations of 1.5% (common agar plate) and 0.5% (semi solid). Additionally, for the cultivation of intracellular bacteria, cells of H. circularisquama were used as growth substrate in the media. The algal cells at a density of 10 5 cells/ml in the axenic culture established from strain HU9433 were autoclaved with 0.5% and 1.5% concentrations of agar. Common agar plates were prepared using sterile disposable petri dishes (Falcon). Semi solid media were prepared in test tubes. The bacterial populations Yb, Ab and UBb were inoculated from each algal culture to each culture medium, and incubated at 25°C. After 7 days, the presence or absence of colonies was scored for each agar plate, and a turbidity check was made in each semi solid culture medium in the test tubes.
Growth experiments on intracellular bacteria
The growth of the intracellular bacteria was examined in culture media containing heat-killed or homogenated cells of H. circularisquama. For comparison, growth experiments were carried out using a medium containing homogenated cells of C. antiqua, and in ST10 -1 medium 15) (0.5 g of Trypticase peptone and 50 mg of yeast extract in 1 liter of seawater).
Cells (1.0´10 5 cells/ml) of H. circularisquama in an axenic culture established from strain HU9433 were destroyed by ultrasonic homogenization (1 min), and the homogenate was diluted with sterilized modified SWM-3 culture medium. Concentrations of homogenates were 0%, 0.5%, 5%, and 50%. Cells (3.0´10 4 cells/ml) of C. antiqua in an axenic culture were also destroyed by homogenization (0.5 min), and the homogenate was diluted (to 50%) with sterile modified SWM-3 culture medium. All procedures for homogenization and dilution were performed aseptically. The media containing heat-killed cells of H. circularisquama were prepared using an axenic algal culture (1.0´10 5 cells/ml) treated at 50°C for 60 min, and autoclaved at 120°C for 20 min. Liquid ST10 -1 medium was also prepared. Then, 18 ml of each culture medium was placed into a 50 ml flask.
To prepare a cell suspension of the intracellular bacteria as inoculum, each algal culture in a stationary phase of 20) . Finally, the suspensions were adjusted to a bacterial cell density of 10 5 cells/ml with sterilized SWM-3 culture medium.
After the preparation of the culture media and the bacterial inocula, 2 ml aliquots of each inoculum of the bacterial populations Ab and UBb were added to the homogenated media of H. circularisquama and C. antiqua, and to ST10 -1 medium at final cell densities of about 10 4 cells/ml. For the growth experiments in the media containing heat-killed cells of H. circularisquama, the bacterial populations Yb, Ab, and UBb were inoculated at final cell densities of about 10 4 cells/ml. Incubations were made for 9 days under the same conditions used for maintenance culture of H. circularisquama.
All experiments were carried out in triplicate using flasks. On day 0, 1, 3, 6, and 9, 500 ml of subsample was taken from each flask to determine bacterial cell density, and fixed with glutaraldehyde at a final concentration of 1%. Then, the subsamples were stained with DAPI at a final concentration of 0.5 mg/ml for 10 min, and filtered through Sudan Black B-stained Nuclepore polycarbonate filters (0.2 mm pore size: Costar) 12, 31) , according to the procedure of Porter and Feig 25) . Observations and counts of the bacterial cells were made at ´1250 magnification using an ultraviolet excitation system with an epifluorescence microscope. More than 200 bacterial cells were enumerated in at least 10 randomly selected fields.
Results
Trials to isolate intracellular bacteria
Only a bacterium contained in the population UBb could grow on all 15 agar plate media in petri dishes and 12 semisolid media in test tubes ( Table 1 ). The colonies of this bacterium were pink. Moreover, this bacterium UBb could be cultivated using the axenic culture medium of H. circularisquama autoclaved with 0.5% and 1.5% agar. No bacteria in populations Yb and Ab, however, could form colonies on the agar plates, or showed any turbidity in the semi-solid culture media used in this study.
Growth experiments on intracellular bacteria
In the medium containing H. circularisquama cells autoclaved at 120°C for 20 min as the growth substrate, the three bacterial populations showed different patterns of change in cell density (Fig. 1a) . The bacterial population Yb increased from 1.0´10 4 to 3.0´10 5 cells/ml in the first three days, but had disappeared by day 6. The bacterial population Ab retained a cell density in the order of 10 4 cells/ml until day 6, but it too had disappeared by the 9th day. The cell density of the bacterial population UBb remained in the order of 10 4 to 10 5 cells/ml for 6 days, and then increased to 5.7´10 6 cells/ ml on day 9. In this culture medium, the bacterial populations Yb and Ab disappeared after several days, whereas UBb increased in cell density for 9 days.
In the media containing the algal cells treated at 50°C for 60 min, the three intracellular bacterial populations Yb, Ab and UBb also showed different patterns of growth or survival (Fig. 1b) . Yb retained a cell density in the order of 10 4 cells/ml until the day 6, then disappeared on day 9. Ab numbered between 10 4 and 10 5 cells/ml for 9 days, the entire experimental period. The bacterial population UBb expanded from 1.0´10 4 to 5.3´10 5 cells/ml on the first day, maintained this cell density until day 3, increased to 6.4´10 7 cells/ml during the following three days, and remained at this level up to day 9.
The cell densities of the three intracellular bacterial popu- lations increased more or were maintained for longer in the medium containing as substrate the alga treated at 50°C for 60 min, than in the medium autoclaved at 120°C for 20 min (Fig. 1) . UBb showed a maximum cell density of 6.4´10 7 cells/ml in the medium treated at 50°C for 60 min, much higher than the value (5.7´10 6 cells/ml) in the medium autoclaved at 120°C for 20 min. Figure 2 shows the growth of bacterial populations Ab and UBb in a medium containing homogenated cells of H. circularisquama. Ab maintained a cell density of between 3.0´10 4 and 1.2´10 5 cells/ml from day 0 to day 9 regardless of substrate conditions (Fig. 2a) . The cell density of UBb increased from 1.0´10 4 cells/ml on day 0, to a maximum of 1.8´10 5 cells/ml in 0% substrate medium (SWM-3 culture medium), 7.0´10 5 cells/ml in 0.5% medium, 3.7´10 6 cells/ ml in 5% medium, and 4.6´10 7 cells/ml in 50% medium on day 3, and remained at these levels thereafter (Fig. 2b) .
Thus the bacterial population UBb showed better growth on the medium containing more substrate, which is much different from the growth of Ab. Figure 3 represents the growth of the bacterial populations Ab (a) and UBb (b) in culture medium containing homogenated cells of C. antiqua and ST10 -1 medium. In the ST10 -1 medium and the homogenated medium of C. antiqua, the bacterial population Ab showed a maximum cell density in the order of 10 4 10 5 cells/ml (Fig. 3a) . Unlike Ab, the bacterial population UBb showed a maximum cell density of 3.2´10 5 cells/ml in ST10 -1 medium, and 8.4´10
6 cells/ml in the medium containing homogenated cells of C. antiqua as a substrate.
Discussion
The intracellular bacterial populations Yb, Ab, and UBb were dependent for growth and survival on the cell components of H. circularisquama to different degrees. UBb could grow in the media containing the heat-killed cells or homogenated cells of H. circularisquama, and homogenated C. antiqua cells, as well as in ST10 -1 medium. Ab survived in these media but did not grow. The bacterial population Yb died after only a few days in the culture medium composed of heat-killed cells of H. circularisquama.
In the culture media of each clone of H. circularisquama, these intracellular bacteria were reported to grow along with the host cells 20) . The present study suggested that the bacterial population UBb could grow regardless of the presence of live algal cells, while the populations Yb and Ab required live algal cells for both growth and survival. In addition, Ab could maintain a certain cell density for longer than Yb could in the media containing heat-killed algal cells. Accordingly, the live H. circularisquama cells are thought to be essential for the growth and survival of these intracellular bacterial populations.
The bacterial population UBb could grow in the media composed of heat-killed cells and homogenated cells of H. circularisquama (Fig. 1) , and a pink colony-forming bacterium in the population UBb could be cultivated on the bacterial culture media containing organic matter (Table 1) . Marine heterotrophic bacteria generally grow using extracellular organic matter of phytoplankton 1, 6, 7, 16, 24) . The pink colony-forming bacterium would utirize the algal extracellular products and the algal cell components for growth.
Comparing the results of growth experiments using two kinds of heat-treated cells of H. circularisquama as growth substrate, the bacterial population UBb grew better, and the bacterial populations Ab and Yb survived for longer, in the medium containing the H. circularisquama cells treated at 50°C for 60 min than in the medium containing the cells autoclaved at 120°C for 20 min (Fig. 1) . Furthermore, the bacterial population Ab died on day 9 in the medium containing the cells autoclaved at 120°C for 20 min (Fig. 1) , but survived in SWM-3 medium (Fig. 2) . These results suggest that the H. circularisquama culture treated at 120°C contained more materials inhibiting growth or survival of the bacterial populations Ab and Yb than the culture treated at 50°C. Presumably, the inhibitor also reduced the growth of the bacterial population UBb in the algal culture treated at 120°C. Moreover, substrates maintaining the growth of Ab and Yb would be destroyed or denatured by heat treatment.
The relationships among microorganisms are known to differ in their degree of adaptation 5) . For example, some organisms graze on certain species of microorganisms as prey, while the prey microorganisms grow using the EOC released from the grazers 2, 6) . Such relationships are regarded as optional. The pink colony-forming bacterium in the population UBb can grow on the cell components of H. circularisquama and C. antiqua, and on artificial organic material (peptone and yeast extract). This would suggest that the relationship between the pink colony-forming bacterium and H. circularisquama is optional. In contrast, intracellular bacteria of some ciliates 8, 9) and amoebae 3) could not be cultivated in any of the media. These relationships were essential for the bacteria. The bacterial populations Yb and Ab would probably have such an essential relationship with H. circularisquama. The relationships between the three bacterial populations and H. circularisquama would vary to some degree between essential and optional.
Some reports show that an optional relationship once established would change into an essential one 5, 21) . For example, Jeon et al. reported that intracellular bacteria infecting free-living amoebae became bacterial endosymbionts, which were necessary for the survival of the host amoebae [17] [18] [19] . Furthermore, chloroplasts of dinoflagellates could be derived from an endosymbiontic eukaryote with photosynthetic ability 27, 29, 30) . In the future, it is expected that the relationship of the intracellular bacteria with H. circularisquama will evolve to become more intimate similar to the association between host organisms and their organelles.
